The neuronal substrate for binge eating, which can at times lead to obesity, is not clear. We find that optogenetic stimulation of mouse zona incerta (ZI) g-aminobutyric acid (GABA) neurons or their axonal projections to paraventricular thalamus (PVT) excitatory neurons immediately (in 2 to 3 seconds) evoked binge-like eating. Minimal intermittent stimulation led to body weight gain; ZI GABA neuron ablation reduced weight. ZI stimulation generated 35% of normal 24-hour food intake in just 10 minutes. The ZI cells were excited by food deprivation and the gut hunger signal ghrelin. In contrast, stimulation of excitatory axons from the parasubthalamic nucleus to PVT or direct stimulation of PVT glutamate neurons reduced food intake. These data suggest an unexpected robust orexigenic potential for the ZI GABA neurons.
ZI-VGAT-ChIEF mice consumed 74% of their normal 24-hour food intake, whereas control mice consumed only 22% (Fig. 1E ). Food deprivation lasting 24 hours increased ZI GABA neuron activity and excitatory neurotransmission to these neurons ( Fig. 1, F to J). Ghrelin, a hormone that signals a reduced gut energy state (12) , excited ZI GABA neurons and increased excitatory synaptic input onto these neurons ( Anterograde AAV-ChIEF-tdTomato labeling of ZI GABA cells in VGAT-Cre mice showed strong axonal projections into the paraventricular thalamus (PVT) ( Fig. 2A) , consistent with previous observations that some ZI cells project to the PVT (13, 14) , a brain area that may contribute to energy homeostasis (15) . Cre recombinase-dependent rabies virusmediated monosynaptic retrograde pathway tracing in vGluT2-Cre recombinase mice confirmed that PVT glutamate neurons receive strong and direct innervation from ZI neurons (Fig. 2 , B and C, and fig. S3 ). Food deprivation lasting 24 hours increased inhibitory synaptic neurotransmission to PVT glutamate neurons ( fig. S4 ). We asked whether the PVT may be a critical target for ZI regulation of food intake. We crossed VGAT-Cre mice with vGlut2-GFP mice in which neurons expressing vesicular glutamate transporter (vGlut2) were labeled with green fluorescent protein (GFP) to study whether ZI GABA neurons release synaptic GABA to inhibit PVT glutamate neurons (16, 17) . One month after AAVChIEF-tdTomato was injected into the ZI of these mice ( Fig. 2A) , photostimulation of ZI VGATChIEF-tdTomato terminals in the PVT evoked GABA-mediated inhibitory currents in PVT vGlut2-GFP neurons (Fig. 2D) . In vivo stimulation (20 Hz) of axon terminals from ZI GABA neurons to PVT glutamate neurons (VGAT ZI-PVT ) evoked foodforaging behavior (movie S2). Continuous stimulation (20 Hz) for 10 min increased the intake of high-fat, sweet, and regular foods (Fig. 2E ) in mice with ZI-VGAT-ChIEF-tdTomato expression. No effect of laser stimulation on high-fat food intake was detected in control mice with AAVtdTomato in the ZI (Fig. 2F) . The total feeding time for ZI VGAT-ChIEF-tdTomato mice was 7.1 ± 0.5 min compared with 0.3 ± 0.1 min for controls (Fig. 2G) . Photostimulation of ZI-PVT inhibitory axons evoked gnawing, but not eating, of nonnutritional wood sticks ( fig. S5, A and B) ; photostimulation leading to food intake eliminated subsequent evoked stick gnawing. A priori wood gnawing had no effect on photostimulationevoked food intake ( fig. S5, C and D) . We then measured food intake of the same mice during three successive trials of 10-min laser stimulation with a 5-min interval without photostimulation between the trials. The food intake for the first trial was 4.95 ± 0.80 kcal. The amount for the second trial was reduced substantially to 0.72 ± 0.29 kcal and 0.49 ± 0.25 kcal, respectively (Fig.  2H) . Satiety feedback signals can thus attenuate ZI-induced feeding.
ZI-stimulated mice showed a preference for high-fat and sweet foods over normal food (Fig. 2I) . Although mice prefer sweet and high-fat foods when stimulation is off, laser stimulation increased the relative preference for high-fat food (Fig. 2I ). When normal, sweet, and high-fat foods were all available, mice consistently chose high-fat food during laser stimulation of ZI axons in the PVT (movie S3). ZI GABA neurons project to multiple brain regions, including the hypothalamus and midline thalamus ( fig. S6 ). We therefore measured the relative contribution of stimulation of ZI somata with selective stimulation of ZI axons targeting the PVT. Stimulation of ZI VGAT cell bodies or VGAT ZI-PVT terminals in the PVT evoked similar levels of feeding (Fig. 2J) . To further confirm the importance of the VGAT ZI-PVT projection in mediating ZI GABA neuron control of food intake, the type A GABA (GABA A ) receptor antagonist bicuculline (Bic) was microinjected into the PVT 10 min before photostimulation of VGAT ZI-PVT axon terminals. Bic attenuated photostimulation-evoked feeding (Fig. 2K) . That Bic did not completely block photostimulation-evoked food intake could be a diffusion limitation of Bic after application, or ZI VGAT-Cre neurons may coexpress other neurotransmitters responsible for the remaining action. These results are consistent with an early report that lesions in the area of the ZI can alter food intake (18) .
Stimulation of anorexigenic proopiomelanocortin (POMC) cells in the hypothalamic arcuate nucleus leads to a reduction in feeding slowly over the succeeding 24 hours, whereas stimulation of orexigenic hypothalamic neurons expressing agoutirelated peptide (AgRP) leads to what has previously been considered to be a rapid increase in feeding with mean latency to eat of 6.1 min (range: 1.9 to 13.8 min) (19) . To test the time course and efficiency of optogenetic activation of VGAT ZI-PVT inhibitory inputs to evoke feeding, we used a laser stimulation protocol of 10 s ON (20 Hz) followed by 30 s OFF for more than 20 min to study ZI axon stimulation in PVT brain slices and feeding behavior. Stimulation of ZI axons with this protocol hyperpolarized and inhibited PVT glutamatergic neurons each time the light was activated (Fig. 3A) . Mice immediately started feeding for each of the 30 successive trials of ZI axon laser stimulation ( Fig. 3B and movie S4) . The mean latency to initiate feeding was 2.4 ± 0.6 s when we used laser stimulation of 20 Hz (Fig. 3C) . This is almost 100 times faster than that reported for optogenetic stimulation of the AgRP neuron soma and 500 times faster than stimulation of AgRP-PVT axon terminals (19, 20) . As soon as the laser was turned off, the mice stopped eating. To test further whether photostimulation of VGAT ZI-PVT terminals evokes compulsive eating, food intake was measured when food was put in a brightly illuminated chamber in a two-chamber light-or-dark conflict test. Mice spent only 20% of their time in the brightly lit chamber with high-fat food when the laser was off, suggesting an aversion to the light (Fig. 3D) . In spite of the light aversion, photostimulation of VGAT ZI-PVT terminals significantly increased the time mice spent on the illuminated side to 61% when high-fat food was available (Fig. 3D ). Photostimulation increased high-fat food intake in bright light (Fig. 3E) .
Binge eating has been linked to a rewardsystem disorder (21, 22) . To test the hypothesis that the VGAT ZI-PVT pathway is involved in a reward state, we explored the motivational valence of VGAT ZI-PVT in mice by using a twochamber place preference test. In the absence of available food, optogenetic activation of the VGAT ZI-PVT pathway evoked a significant preference for the chamber associated with laser stimulation compared with the control chamber (Fig. 3, F 
and G).
To test whether activation of the VGAT ZI-PVT inhibitory pathway leads to body weight gain, we selectively photostimulated this pathway for only 5 min every 3 hours over a period of 2 weeks. Photostimulation increased food intake and body weight of mice with ChIEF-tdTomato expression in ZI GABA neurons (Fig. 3 , H and I). After the days of photostimulation were completed, mice showed a significantly reduced food intake compared with that of controls (Fig. 3H ).
The body weight of mice that showed an increase with ZI GABA neuron photostimulation gradually returned to the prestimulation body weight level of controls (Fig. 3I) , consistent with the perspective that the mice return to a normal body weight set point (23) in the absence of continuing ZI activation. To test whether ZI GABA neurons exert long-term effects on energy homeostasis, we microinjected AAV-flex-taCasp3-TEVp, which expresses caspase-3 (24) , into the ZI of VGAT-Cre mice to selectively ablate ZI GABA neurons ( fig. S7 ). Ablation of ZI GABA neurons decreased long-term food intake and reduced body weight gain by 53% over 8 weeks (Fig. 3 , J and K).
To explore the neuronal pathway postsynaptic to the VGAT ZI-PVT axon terminals, we injected Cre-inducible AAV-ChIEF-tdTomato selectively into the PVT of vGlut2-Cre mice (Fig. 4A and fig.  S8A ). In brain slices, laser stimulation excited PVT ChIEF-tdTomato-expressing glutamatergic neurons (Fig. 4C) . Laser stimulation (20 Hz) above the PVT of ChIEF-tdTomato mice significantly inhibited normal, sweet, and high-fat food intake during 1-hour tests (Fig. 4D and fig. S8B ). The mean latency for mice to stop eating was 6.1 ± 2.0 s after the laser (20 Hz) was turned on (Fig. 4E) . After mice were partially fasted with only 60% of the normal food available during the preceding night, laser stimulation (20 Hz, 10 min ON followed by 10 min OFF, two times) of ChIEFexpressing PVT vGluT2 neurons reduced food intake (Fig. 4, F to H) .
A chemo-genetic designer receptor exclusively activated by designer drugs (DREADD) was used Zhang to test the hypothesis that silencing the cells postsynaptic to ZI GABA axons, the PVT glutamate neurons, would enhance food intake. We injected Cre-inducible AAV5-hSyn-HA-hM4D(Gi)-IRES-mCherry coding for the clozapine-N-oxide (CNO) receptor into the PVT of vGlut2-Cre mice (25, 26) (fig. S9, A and B) . CNO inhibited PVT neurons with hM3D(Gi)-mCherry receptor expression ( fig. S9C ). Intraperitoneal CNO produced an increase in food intake during a 3-hour trial ( fig. S9D ). To test whether PVT neuronal activity affects body weight gain, we microinjected AAVflex-taCasp3-TEVp into the PVT of vGlut2-Cre mice to induce Cre-dependent caspase expression and selectively ablate PVT glutamatergic Statistical analysis for comparison between two groups: paired t test for (D) and (L); one-way ANOVA with Bonferroni post hoc comparison for (E) and (F); unpaired t test for (G) and (H). *P < 0.05; **P < 0.01; ***P < 0.001.
In our monosynaptic retrograde tracing with Cre-dependent rabies virus, although less robust than the projection from the ZI, we found a substantial projection to PVT glutamate neurons from the parasubthalamic nucleus (PSTh) (Fig.  4I and fig. S11 ) (27, 28) . That the PSTh may be involved in feeding is suggested by increased c-fos expression in the PSTh during anorexia induced by amino acid deficiency (29) . To test whether the PSTh maintains an excitatory input to PVT glutamatergic neurons that could serve to antagonize binge-like eating evoked by VGAT ZI-PVT inhibitory pathway activation, we injected Creinducible AAV-ChIEF-tdTomato bilaterally into the PSTh of vGlut2-Cre mice (Fig. 4J) . Restricted expression of ChIEF-tdTomato was observed in the PSTh cell bodies (Fig. 4J) and in large numbers of PSTh axon terminals in the PVT (Fig. 4J) . Brain slice electrophysiology confirmed that optogenetic activation of PSTh glutamatergic neuron terminals in the PVT evoked strong glutamatemediated postsynaptic excitatory currents in PVT vGlut2-GFP neurons, suggesting a functional role for PSTh glutamate neurons in the synaptic excitation of PVT glutamate neurons (Fig. 4K) . Stimulation of PSTh glutamatergic neuron terminals in the PVT inhibited food intake (Fig. 4L) . Furthermore, optogenetic activation of the vGlut2
PSTh-PVT excitatory pathway in a two-chamber place-preference test generated a significant aversion associated with the laser stimulationpaired chamber ( fig. S12) .
Together, our data demonstrate a powerful inhibitory projection from the ZI to the PVT that can reliably generate rapid and substantial eating. That the ZI GABA cells may participate in energy homeostasis is suggested by electrophysiological data showing increased activity of these cells after food deprivation and in the presence of the empty gut-signaling peptide ghrelin. Based on retrograde rabies virus and anterograde AAV tracing, ZI axonal projections to the excitatory neurons of the PVT appear more robust than those from other known regions of the brain involved in food intake, suggesting the ZI is not a minor component; furthermore, optogenetic stimulation of the ZI generated a more robust feeding response than stimulation of the much-studied lateral hypothalamus, further suggesting that the ZI can play a substantive role in enhancing food consumption. Our study provides a potential explanation for why clinical deep brain stimulation in the ventral thalamus near the ZI can increase binge eating.
